Abstract Surface sediments were collected in August 2009 from 49 sites along the Minho estuary (between Tui and Caminha) and analyzed for grain size, organic carbon (C org ) and total nitrogen (N tot ) contents, and major (silicon [Si],
suggesting distinct elemental sources or sediment components affecting their spatial distributions. Although factors 1 (detrital component; elements strongly associated with fine-[Na, Mg, Ti, Li, Cr, Cu, Fe, Al, Zn, Ca, and As] and coarsegrained sediments [Si, K, Rb; mean grain-size [M GS ]) and 3 (Fe-Mn oxyhydroxide sediment component; Fe, Mn, As, fine fraction) are interpreted as reflecting predominance of natural contributions, factors 2 (urban and industrial contamination: sediment components [Pb, Hg, organic carbon [C org ], total nitrogen [N tot ] and 4 (components associated with contamination by nautical activities; the association of tin [Sn] and calcium [Ca] ) seem to indicate anthropogenic contributions). Nevertheless, the influence of elemental contributions derived from tungsten (W)-Sn mineralizations and those resulting from mining activities can also contribute to the obtained geochemical associations and should be considered. Spatial distribution of dominant factor scores shows the dominance of factors 2 and 4 between Tui and Vila Nova de Cerveira, whereas samples dominated by factors 3 and 1 are found between Ilha da Boega and Seixas and in the Caminha areas, respectively. Despite the dominance of factor score 1 in the Caminha area, the distribution pattern of dominant factor scores shows samples dominated by other factor scores that can be explained by dredging activities in this river sector that restore ancient sedimentary characteristics or expose contaminated sediments. Through the identification of sample locations dominated by factors associated with contamination, it will be possible to select them as priority areas where new environmental (e.g., toxicity tests, organic Sn compounds, tracers of sewage contamination) studies should be implemented in the future. development and maintenance of aquatic organisms. In addition, sediments can act as a sink or a source (depending on the environmental settings, e.g., pH, bioturbation, organic matter decay) of environmental contaminants (including heavy metals and persistent organic pollutants, e.g., Forstner and Wittmann 1981) .
With the development of anthropogenic activities through time, the importance of heavy-metal contributions released from these actions becomes dominant relative to contributions derived from weathering of natural deposits (Nriagu 1996) . Due to their toxicity and capacity for being incorporated into the food web, the transfer of contaminants from sediments to aquatic organisms has become an issue of serious concern for the modern society because they threaten the health of both the aquatic organisms and human consumers. The major difficulties related to environmental contamination research include discerning between natural and anthropogenic contributions (SotoJimenez and Paez-Osuna 2001) , evaluating levels of contamination, and identifying probable contaminant sources. Multivariate analysis, such as factor analysis and cluster analysis, constitutes a powerful tool for evaluating the elemental distributions in environment and has been used to help interpret geochemical data (Buckley et al. 1995; Mecray and ten Brink Buchholtz 2000; Mil-Homens et al. 2009; Gielar et al. 2012; Karageorgis et al. 2012) . The main advantage of multivariate statistical methodologies is (1) to decrease the relatively large number of variables to a smaller number of factors that explain the major variance of the data matrix, thus allowing both the extraction of useful information, and (2) consequently contributing to a better understanding of the studied data set.
Previous studies of sediment geochemistry in the Minho River estuary did not document significant impacts of heavymetal contamination (e.g., Bettencourt and Ramos 2003; Fatela et al. 2009; Reis et al. 2009a) . Through the use multivariate analysis (factor analysis [R-mode]), we decreased the 22 chemical variables to a smaller group of 4 factors that are interpreted as reflecting both contamination sources and sediment components. In addition, the spatial distribution of each factor was also discussed to help characterizing the contamination sources in surface sediments of the Minho estuary. The aim of this study was to demonstrate the usefulness offered by multivariate analysis to identify elemental contamination sources of the Minho River estuary.
Materials and Methods

Description of the Study Area
The Minho River, with an extension of 300 km and an annual average flow of *300 m 3 s -1 (PBH 2001) , is located in the western Iberian margin (Fig. 1) . It rises in Serra de Meira (Galicia, Spain), at an altitude of 750 m, and meets the Atlantic Ocean between the A Guarda (Galicia) and Caminha (Portugal). It is draining a watershed of 17,080 km 2 , with \5 % of its area in Northern Portugal (Loureiro et al. 1986 ), dominated by rock formations of the pre-Ordovician Schist-Greywacke Complex and granites (Teixeira and Assunção 1961) . It has an extent of 300 km, with the last 70 km forming the natural border region between the Portuguese Province of Minho and the Spanish Autonomous Region of Galicia, and including the main estuarine axis of *40 km corresponding to the area under the influence of spring tides (Alves 1996; Sousa et al. 2005) . The mean depth of the estuary is 4 m relative to hydrographic zero and has a maximum depth of 23 m near Vila Nova de Cerveira (Reis et al. 2009b) . The Minho estuary is classified as a mesotidal estuary with a tidal range varying from *2 m at neap tides to *4 m at spring tides (Bettencourt and Ramos 2003) , but amplification by storm surge must be considered (Taborda and Dias 1991) . The tide is classified as semidiurnal with low diurnal inequality (Reis et al. 2009b) . During periods of high flooding, it tends to evolve toward a salt wedge estuary (Sousa et al. 2005) . The salinity has a decreasing values gradient toward upstream showing great variability both along the year and also during tidal cycles. The salinity values of low tides vary between 5 to 10 and 5 to 20 psu during wintering and dry conditions, respectively. The spring tides are characterized by salinities values that reach 35 psu (Vilas and Somoza 1984) .
The main economic activity of the Minho basin is the production of electricity by [40 dams along its course, with the last (Frieira dam) located at *80 km above the river mouth, making unable or challenging the transport of sediments, thus being responsible for decreasing sedimentation downstream. In addition, it also may have a positive effect on preventing flood events. Despite the relatively low level of industrialization that characterizes the Portuguese side of the Minho drainage area, some threats associated with industrial (e.g., beverage and food processing, chemical, metallurgies, maintenance, and repair of motor vehicles, mining of granites, and related rocks), domestic, agricultural (e.g., use of fertilizers), and nautical (e.g., recreational and commercial) activities can affect the quality of the environment (PBH 2001). The major environmental concern associated with nautical activities relates to the use of antifouling paints and or the release of paint particles resulting from boat hull cleaning. Antifouling paints (containing organic metallic compounds of copper [Cu] , zinc [Zn] , and Sn) are applied to the hulls of boats and to other submerged structures to prevent the growth of fouling organisms, including algae, barnacles, and bivalves (Singh and Turner 2009) .
Mining activities associated with the exploitation of tungsten (W) and Sn deposits (associated with Hercynian granites) occurred in several counties (e.g., Vila Nova de Cerveira, Caminha, Valença) since the 1940s until the 1980s. The most intense periods of exploitation were coincident with the Second World War and the Korean War (Neiva 2002) . The last exploitation, situated in the mining region of Covas, ending in the middle 1980s (Valente and Leal Gomes 2001) , was responsible by the extraction of the highest amounts of W ore extracted from skarn deposits (scheelite) and quartz veins (cassiterite and wolframite) of this region. Actually, the major environmental threat of these mines is associated with the release of contaminants to the Minho River (or more specifically to one of its tributaries, the Coura River, in the case of mining region of Covas) of either fine-grained waste particles products from mineral processing or by leaching of abandoned tailings as a result of acid-mine drainage. The industrial complex of Porriño, located in the Tui vicinity ( Fig. 1) , constitutes an exception to this low level of industrialization that is affecting one of the tributaries of the Minho River, the Louro River (Filgueiras et al. 2004) . Since 1994 and after the establishment of a ferry line between the towns of Caminha and Pasaje (Fig. 1) , and as a consequence of sedimentation dynamics there were periodic dredging activities to keep the channel navigable for the ferry boat operating between Caminha and Pasaje. Due to the sandy and ''unpolluted'' character of these sediments, and depending on the countries' authorities responsible for dredging activities, the dredged materials were used for beach nourishment (Spain) until 2007 or were sold (Portugal) .
Previous sedimentological and mineralogical studies of the Minho River estuary sediments identified sand as the dominant grain-size class, the composition of which is essentially quartz, mica, heavy minerals, and feldspar as main accessory minerals (Paiva et al. 1993; Balsinha et al. 2009 ). Surface sediments were also characterized by showing low levels of organic matter (Maze et al. 1993 ). To our knowledge, the first geochemical characterization publications of the Minho River estuary are from the beginning of the 1990 s (Gouveia et al. 1993; Paiva et al. 1993) . Surface samples used in both studies were collected in 1991 along the navigable course of the river until Tui. Gouveia et al. (1993) focused their study on the distribution of rare earth elements, whereas Paiva et al. (1993) characterized spatial distributions of major and trace elements. The later study showed the occurrence of the highest concentrations of Cu, lead (Pb), and Zn in surface samples collected nearby Tui, reflecting the influence of the Louro River, a tributary of Minho River characterized by different inputs such as agriculture, industry (Porriño industrial area), and domestic effluents. Filgueiras et al. (2004) studied the distribution of heavy metals (Pb), chromium (Cr), Cu, and nickel (Ni) in 11 surface sediments collected along the course of the Louro River. This study used both a total digestion and a threestage sequential extraction scheme (i.e., soluble, reducible, and oxidisable fractions). Their results suggest that Pb and Cu are associated with C org , which is mainly discharged from urban wastes, whereas Cr and Ni come from ), based on a smaller data set from that presented here, and to account for natural sediment variability and composition, defined regional geochemical baselines (RGBs) for a set of elements (arsenic [As], Cu, Cr, Sn, Hg, and Zn) using both aluminum (Al) and lithium (Li) as normalizing elements. Despite the relatively low total As, Cu, Cr, Hg, and Zn concentrations, the defined RGB identified a set of samples characterized by As, Cu, Cr, Hg and Zn enrichments relative to expected natural levels. Hg showed the greatest level of enrichment relative to the Albaseline throughout the study area. Nevertheless, the relative low regression coefficients obtained for Hg (and in particular for Sn) suggest the existence of other sediment components (e.g., organic matter, Mn-Fe oxyhydroxides) controlling their natural distributions.
Sediment Sampling and Sample Preparation
The sediment sampling campaign was performed between August 14 and 15, 2009, along the Minho estuary sector between Tui and Caminha ( Fig. 1 ) on board the RV Atlantic Leopard using a Van Veen grab to represent river flow conditions during the dry season. The summer period is marked by low-flow conditions, and consequently a decreased amount of water and sediment transported. The selection of sampling sites was based on sidescan sonar mosaic data, thus allowing sampling main types of sonar echoes and features. Surface samples are assumed to reflect most recent accumulation; nevertheless, surface mixing and sampling artifacts might affect its quality and representativeness. All samples were described (texture, color imagery) on board, subsampled for several studies (textural, geochemical, biomarkers, and diatoms) at the Aquamuseu laboratory (Vila Nova de Cerveira), and stored at *4°C. All subsamples were freeze-dried, and the fraction \2 mm was powdered with an agate mortar. After grinding, samples were transferred to labeled plastic vials until analysis.
Grain-size Analysis
Grain-size distributions were performed using a Coulter Laser LS230 analyzer (USA) (measuring grain sizes in the range of 0.04-2,000 lm) after removal of the coarse fraction ([2 mm) by wet sieving, destruction of the organic matter with hydrogen peroxide (H 2 O 2 ), and dispersion with sodium hexa-metaphosphate (CALGON) to avoid clays flocculation. The gravel percentage in each sample was obtained by the difference between the total dry sample weight and the dry weight greater than the 2,000-lm fraction.
Element Analysis C org and N tot were determined on *0.2 g freeze-dried ground and homogenized sediment using a LECO CHNS 932 according to an in-house method used at the Unidade de Geologia Marinha of LNEG (UGM-LNEG). The combustion of C org in the fraction \2 mm for 3 h at 400°C allows the subsequent measurement of inorganic carbon (C inorg ) content. Both raw and combusted samples were analyzed two times. If the difference between two repeated sample measurements was \0.10 wt%, the average of both measurements will correspond to the accepted value to be used in the determination of C org content. C org content was obtained from the difference between total carbon and C inorg contents. [Ti] , and Mn) were determined on fusion beads by x-ray fluorescence (XRF) using a sequential wavelength dispersive spectrometer (model AXIOS). A mixture of *0.1 g of sample with 9.0 g of lithium tetraborate flux and 20 mg of ammonium iodide was fused in Pt95-Au5 crucibles at 1,150°C for 20 min and then poured into platinum-gold dishes. A set of 16 NCS certified reference materials (CRMs) from the China National Analysis Center, with a range of analytes and matrices similar to those of the samples and treated in the same way, was used to establish calibration curves. To correct for matrix effects, theoretical a correction factors were applied assuming the loss on ignition as a balance compound and the flux as a compound to eliminate. The limit of detection for each element was based on the counting statistical error of an estimate of the intensity at analyte peak position at zero analyte concentration (Table 1) .
According to laboratory quality-control (QC) procedures, calibration was validated by daily analysis of two independent CRMs. CRMs GBW07311 and GBW07302 (China National Analysis Centre for Iron and Steel) provided quality assurance (QA)/QC throughout the analyses. The results indicate good agreement between certified and measured values ( Table 2 ). The recovery (%) of measured elements, based on the mean values calculated for CRM, was practically complete (Table 2) . Precision for major elements, expressed as relative SD (RSD) for a level of significance of 95 % of 6 replicate samples, was \3 % (Table 2) .
Trace elements (As, Cr, Cu, Li, Pb, rubidium [Rb] , Sn, and Zn) were determined following the procedure described. Briefly, approximately 0.25 g of sediment was weighed directly into pressure vessels. Samples were mineralized by a combination of 3 mL hydrochloric acid (HCl [36 %]), 9 mL nitric acid (HNO 3 [69 %]), and 5 mL hydrofluoric acid (48 %) in a Mars Xpress CEM microwave oven. After microwave digestion, the remaining solutions were transferred to Teflon vessels and placed on a hotplate at 150°C until near dryness. Twenty mL Milli-Q water and 2.5 mL HNO 3 were added to the residue to bring the solution to a final volume, and the solution was heated at 80°C for 3 h. After cooling, the solution was transferred to a 50-mL volumetric flask, 10 % HNO 3 was added to bring the solution to a final volume, and it was finally poured in a labelled plastic bottle. Cu and Zn concentrations were determined by inductively coupled plasma (ICP)-optical emission spectroscopy (OES), whereas As, Cr, Li, Pb, Rb, and Sn were measured by ICPmass spectrometry (MS). Accuracy of analytical procedure was determined by measuring trace-element concentrations in PACS-2 CRM (harbour sediments prepared by the National Research Council of Canada [NRCC]; Table 2) . Certified values for this CRM were not available for Rb. Target recoveries (100 ± 10 %), except for Pb and Sn, were fulfilled in both CRMs. Precision for trace elements, expressed as RSD for a level of significance of 95 % of 4 replicate samples, was \10 % (Table 2) .
Total Hg concentration in sediments was quantified using a Milestone direct mercury analyzer DMA 80. All Hg in the sample (*0.5 g) was combusted in a stream of oxygen, volatilized and trapped by amalgamation on a gold substrate, and thermally desorbed and quantified by atomic absorption spectrophotometry. QA/QC of Hg was also evaluated by the use of two CRMs (NCS DC 73310 and NCS 73311 [stream sediments prepared by China National Analysis Center for Iron and Steel]; Table 2 ). The obtained results indicate recoveries that follow inside the confidence interval of both CRMs, and RSD for a level of significance of 95 % was \7 %.
Factor Analysis
Multivariate analysis was performed using Statistica software (version 6; Statsoft, College Station, USA). Factor analysis, with principal component analysis as extraction method, was used to determine relationships among variables and to simplify the analytical data set by decreasing the number of variables into major controlling factors, thus simplifying the interpretation of the variables' distribution (common sources, sedimentological and geochemical processes) in the studied sediments. The sample matrix is composed of 48 surface samples from the Minho estuary with 22 variables: mean grain size (M GS ), percent of fine fraction (ff), C org , N tot , and major (Si, Al, Fe, Ca, Mg, Na, K, Ti, and Mn) and trace (As, Cr, Cu, Hg, Li, Pb, Rb, Sn, and Zn) elements. One surface sample (no. 45) was removed from this data set because it did not include values for all of the selected variables (Table 3 ). All variables were standardized using the following formula (Eq. 1):
ðstandard score ¼ ðraw score À meanÞ=SDÞ ð 1Þ to eliminate the influence of different measurement units and minimize the variance. In this study, factors with eigenvalues [1 were retained (Kaiser 1960) . Varimax orthogonal rotation was used to transform the initial matrix and to limit the number of variables loaded in each factor (Buckley et al. 1995) . Strong loading coefficients are related to absolute loading values [0.70 and indicate that each variable in the factor is significantly related to other variables represented by this factor (Mecray and ten Brink Buchholtz 2000) . According to Buckley et al. (1995) , factor loadings varying between 0.35 and 0.70 indicate weak to moderate associations with other parameters in the factor, whereas absolute loadings \0.35 were not considered significant and thus not presented in the final results. The presence of elements with moderate to strong loadings in more than one factor is interpreted as reflecting different sources or associated with diverse sediment components. The contribution of each factor at each sample location (factor scores) were also determined and used to identify areas of influence of the dominant factor in each sample location. Despite the fact that each sample reflects the influence of all factors; one of them is dominant and therefore, this sample is characterized by the highest factor score.
Results and Discussion
Grain Size and C org Contents
According to the Shepard classification scheme (1954), surface sediments of the Minho River estuary are classified as sandy sediments (*69 % of all studied samples) with an average sandy sediment content of 80 % ( Fig. 2a ; Table 3 , and Supplemental (S) Table S1 ). Using a modified version proposed by Schlee (1973) to account for coarse-grained sediments ([2 mm), the surface sediments studied here are classified as gravelly sediments (Fig. 2b , Table S1 ). Gravel-sized lithogenic particles are dominated by the presence of quartz and feldspar. Despite the fact that the spatial distributions of sand and ff do not show any type of east-west gradient, samples containing high gravel contents were found at upstream locations (samples no 1 and 7 [ Fig. 1]) . Fine fraction contents vary between 1 and 63 % (average 9 %) ( Table 3 ). The relatively coarse character of the studied sediments is interpreted as reflecting hydrodynamic and/or sedimentary regimes affecting sediment sample composition marked by high river dynamics responsible for maintaining in-suspension fine-grained particles and exporting them to the sea. C org and N tot contents in surface sediments of the Minho River estuary range from 0.06 to 4.19 % and 0.01 to 0.37 %, respectively (Tables 3, S1 ). The obtained values for C org and N tot were significantly lower than those obtained by De La Rosa et al. (2012) in top core sediments (C org and N tot *14 and 1 %, respectively) from the Caminha salt marsh. This variability can be associated with differences in grain-size composition between the Caminha salt marsh (average contents of ff *70 % [Fatela et al. 2009] ) and the studied samples. Both C org and N tot values are highly positively correlated with both ff and chemical elements (traditionally associated with fine-grained sediments [ Table 4 ]), suggesting that organic matter is an important component of the fine-grained fraction. C org /N tot ratios represent one of the parameters that can be used to trace organic matter origin (e.g., Meyers 1994) . Organic matter with marine origin present C/N ratios between 4 and 10, whereas continental organic matter is characterized by values [20 (Meyers 1994) . Other possible contributions of organic particulate material are associated with sewagederived particles having C/N ratios between 11 and 13 (Andrews et al. 1998; Thornton and McManus 1994) . Intermediate values suggest organic matter with distinct origins. In Minho surface sediments, C org is highly correlated with N tot (Fig. 3a) . The trend line passes very close to the origin, suggesting that great part of the N in samples is associated with organic matter (Gordon et al. 2001 ). C org / N tot ratios ranged from 4 to 21 along the Minho River, and median C org /N tot values were *9 ( Fig. 3b ; Table 4 ). The obtained results suggest not only the major influence of marine organic productivity as carbon source but also the mixture of distinct organic matter sources (marine, sewage, and plant debris) with a predominant increase of influence of organic matter of terrestrial origin for C org /N tot ratios between 10 and 20. De La Rosa et al. (2012) obtained values of C org /N tot ratios and d 13 C of *15 and -26 %, respectively, at the top of a sediment core from the Caminha salt marsh, reflecting the influence of organic matter with a terrestrial origin derived from C3 land plant biomass. The occurrence of high C org /N tot values at the lower part of the estuary (Fig. 3b ) may reflect the proximity to the salt marsh areas marked and consequently a predominantly terrestrial origin for sedimentary organic matter. Contributions derived from effluent discharges were identified by Santos et al. (in press) in water samples from the Louro River tributary marked by the highest values of faecal contamination. In the vicinities of Valença, the occurrence, albeit to a lesser scale, of faecal contamination was also identified, probably reflecting its proximity to the Louro River (and the dilution effect by upstream waters) and/or illegal discharges. These results were similar to those described in PBH (2001).
Major and Trace-Element Relationships
In this section, major elements are listed in the element form through conversion of the elemental oxide. In Table 5 , the ranges of major and trace elements measured in this study are compared with others obtained by previous studies of the study area. The partial-digestion method used (based on the use of HNO 3 ) by Reis et al. (2009a) explained the relatively low Al concentrations obtained in their own work due to not assuring a total extraction of the elements (e.g., Al) bound in the structure of aluminosilicate sediment components. Despite of this, as well as the use of distinct analytical methodologies, the range of other (Tables 3,  S1 ). Its spatial distribution pattern does not show any specific trend. It is negatively correlated with elements normally associated with fine-grained sediments, such as Al (Table 4) , which reflects an association with sandy quartz grains. Despite the fact that the spatial distribution pattern of Si resembles that of sand, the two variables are not correlated, probably reflecting the presence of Si in the composition of fine-grained aluminosilicates. K and Rb are significantly and positively correlated (Table 4) , reflecting the similar ionic radius and the capacity of Rb substitute K in micas (e.g., muscovite) and, to a lesser scale, in K-feldspar (microcline and orthoclase). This is in agreement with the identification of K-feldspar and/or muscovite grains during the determination of samples made on-board. In addition, both K and Rb are significantly positive correlated with Si and M GS (Table 4) , reflecting the relationship between the increase of grain size and the increase of Si, K, and Rb concentrations, which can be associated with the occurrence of quartz, K-feldspar, and/or muscovite grains at the sand fraction. The significant and negative correlation between Al and M GS suggests its association with fine-grained fraction (Table 4) . Other major elements (Ca, Fe, Na, Mg, and Ti) and Li are positively correlated with Al (0.70 \ r \ 0.97, p \ 0.01 [ Table 4 ]), thus reflecting composition of clay minerals in fine-grained sediments. The highest values of Al and Li were found in the lower part of the estuary when the river becomes larger and consequently less energetic, thus allowing the deposition of fine-grained particles (Table S1 ). The absence of any relationship of Mn with variables associated with fine-grained components (Table 5) suggests that its distribution is controlled by other factors.
The relatively low total As, Cr, Cu, Pb, Sn, Zn, and Hg concentrations observed in the studied sediments can be associated with high sand contents that can act as an inert diluent of metal concentrations (Aloupi and Angelidis 2002) . Despite low concentrations, we cannot disregard the elemental contributions derived from the exploitation of Sn-W mineralizations that occurred in the Covas region, were transported and dispersed by the Coura River (primarily to the salt marsh), and were later transferred to the lower part of the estuary. Pb shows a distinct distribution pattern of those elements, suggesting that sediment components, other than the ones associated with fine-grained sediments, are controlling its distribution. Significant positive correlations between C org , N tot , Li, Al, As, Cr, Cu, Sn, Zn, and Hg (Table 4) suggest similar spatial distributions. These relationships are interpreted as reflecting their adsorption by fine-grained components (clay minerals or organic matter).
Sediment Components
The distribution of variables in surface sediments of the Minho estuary were compacted and explained by four factors, accounting for 85.9 % of the total variance of the data set (Table 6) , and reflect the main relationships between grain-size and geochemistry. Variables represented in more then one factor (M GS , ff, Rb, Si, Cr, Fe, Al, Cu, Zn, Ca, As, Hg, Sn, and Pb [ Table 6 ]) seems to reflect more than one geochemical process or distinct sources affecting their spatial distributions. 
Detrital Coarse and Fine-Grained Sediment Components
Factor 1 explains 65.1 % of the total variance. It is a dipolar factor that include strong positive loadings for Na, Mg, Ti, Li, Cr, Fe, Al, and Cu; moderate positive loadings for Zn, Ca, Hg, As, and Sn (from 0.41 for Sn and 0.69 for Zn), and strong negative loadings for M GS , Rb, K, and Si (Table 6 ). The association between M gs , Rb, K and Si represents the coarse-grained sediments and the dominance of quartz, micas, and K-feldspar in its composition, which is inversely correlated with other detrital elements normally associated with fine-grained sediments. Therefore, factor 1 is interpreted as reflecting the detrital component of sediments. The inclusion of a set of elements (Cr, Cu, Zn, As, Sn, and Hg) together with lithogenic elements (e.g., Al, Li, Fe, Ti, Na, and Mg) in this factor suggests their primarily natural origin is derived from weathering and erosion of rocks and soils in the catchment area. Other contributions to this factor can be derived from both the natural leaching of Sn-W mineralizations (including scheelite [CaWO 4 ], wolframite, cassiterite [SnO 2 ] albite, apatite, quartz, and sulfides [arsenopyrite and pyrite]; Conde et al. 1971) as well as the leaching of abandoned tailings resulting from past mining activities.
Components Associated with Urban and Industrial Contamination
Factor 2 represents 9.8 % of the total variance. This component includes strong positive loadings for C org , N tot , ff and Hg and moderate positive loadings for Cu, Pb, As, Fe, Zn, Ca, Al, and Cr, suggesting the binding of heavy metals (As, Cr, Cu, Pb, Hg, and Zn) to organic matter and fine-grained sediments and indicating their role as controlling agent of the distribution of these elements in Minho surface sediments. A similar behavior for Pb and Cu (that of Hg was not determined) was obtained by Filgueiras et al. (2004) 
Mn-Fe oxyhydroxide sediment component
Variables included in factor 3 account for 6.3 % of the total variance. Mn showed the highest loading in this factor, whereas As, Fe, and ff are also acknowledged. The association between Mn, Fe, ff, and As suggests that As can be adsorbed on to Fe-Mn oxyhydroxide coatings of finegrained particles. A possible origin for As can be associated with leaching of both natural enriched formations and/ or abandoned tailings resulting from exploitation of W-Sn mineralizations (where arsenopyrite is included). Another source of As can be related to its use in antifouling paints (Bryan and Langston 1992; DelValls et al. 1998 ). Therefore, the presence of As in three factors (1 through 3) with moderate positive loadings suggests distinct origins or geochemical processes affecting As distribution. Factor 4 accounts for 4.7 % of the total variance. It shows strong positive loadings for Sn and moderate positive and negative loadings for Ca and Pb, respectively. This factor seems to reflect Sn-W mineralizations associated with skarns and quartz veins (SnO 2 , CaWO 4 ). In addition, the presence of Sn can also be associated with nautical activities (mainly recreational boats) derived from both antifouling paints and or paint particles resulting from boat-hull cleaning. Despite that their use has been forbidden since 2008, the obtained results for surface samples suggest persistency of contamination sources or remobilization of sediments contaminated before 2008. The spatial pattern of dominant factor scores can be used to identify dominant sediment components (origin, sedimentological or geochemical processes) at each sample location (Figs. 4, 5) . Some sample stations have positive scores for more than one factor suggesting the influence of more than one sediment component or contamination source (Fig. 4) . The set of samples dominated by detrital influence (factor 1) is located in the vicinities of the lower part of the estuary (Figs. 4, 5) . The prevalence of factor 1 in this restricted area may also reflect elemental contributions resulting from past mining activities the Covas region and transported (in solution or as particulate grains of oreforming or related minerals released after ore processing) by the Coura River. The coexistence of samples dominated by the detrital component (factor 1), with others dominated by anthropogenic influences (factors 2 and 4), in this river sector can be associated with dredging activities that restore ancient sedimentary characteristics or expose contaminated sediments. This exposure to distinct environmental setting marked by changes in redox conditions may allow the release of contaminants into the water column, thus making them available to be taken up by the biota and/ or reabsorbed by fine-grained sediments. Factor 2 is the predominant factor between Tui and Vila Nova de Cerveira (Fig. 5) , suggesting the importance of organic matter in the retention of elements in its structure, which is in agreement with results obtained by Santos et al. Fig. 4 Spatial distribution of factor scores in the Minho River estuary: Factor 1 (upper left); factor 2 (upper right); factor 3 (lower left); and factor 4 (lower right) (in press). According to this study, low-flow rate conditions typical of a period of dry season (e.g., August) are characterized by a deterioration of the water quality in this river sector associated with high measured and simulated (using a QUAL2Kw model for two scenarios of maximum and minimum flow conditions in Frieira Dam) concentrations of faecal coliforms. Despite taking into account the effects of both anthropogenic activities related to the exploitation of W-Sn mineralizations and the natural influence of these mineralizations on the general setting of the area, the spatial distributions of factor 3 and 4 scores seems to suggest the influence of nautical activities (Fig. 5) . A large number of the samples containing the highest factor 3 score came from a restricted area between Seixas and Ilha da Boega. Due to its physiographic characteristics, this represents natural protected areas in the river used by a great number of recreational boats for mooring. Surface samples presenting a high dominance of factor 4 are found in the vicinities of the Tui and Vila Nova de Cerveira nautical piers (Fig. 5) .
Conclusion
This study assessed the spatial distribution of grain size, C org , N tot , and major and trace elements in surface sediment samples of the Minho estuary collected in August 2009, thus providing a database that can be used as a baseline for temporal studies of contamination. Factor analysis of the Minho River estuary sediments' textural and geochemical data set explained 85.9 % its the total variability, thus reflecting the elemental relationships with grain size and their natural and anthropogenic sources. The elements grouped in factor 1 are associated with both fine (Na, Mg, Ti, Li, Cr, Cu, Fe, Al, Zn, Ca, As, and Hg) and coarsegrained (Rb, K, and Si and M GS ) sediment components. The group consisting of C org , N tot , Pb, Hg, Cu, and ff, named Factor 2, is interpreted as to be related to urban and industrial contamination sources and reflects the importance of organic matter in binding Pb, Cu, and Hg in its structure. Factor 3, comprising Mn, Fe, and As, probably reflects the retention of As in the structure of Fe-Mn oxyhydroxide coatings of fine-grained sediments. The group consisting of Sn-Ca, named factor 4, is probably derived from local Sn-W mineralizations and/or associated with nautical activities sources (recreational boats) through the use of Sn compounds in antifouling paints. Despite the general influence of more than one factor in each sample location, the spatial distribution of the dominant factor scores allows a better evidence of the contaminants' spatial patterns. Urban and industrial occurs through the study area. In the lower part of the Minho River, the coexistence of all sediment components shows that the detrital component is the dominant component in surface sediments, probably reflecting the effects of dredging activities that occur periodically. The distinct behavior of Sn, together with the high number of recreational boats that exist in the Minho River, suggests that a set of analytical determinations of boat-related compounds, such as persistent organic pollutants (e.g., polycyclic aromatic hydrocarbons) and Sn organic substances, e.g., tributyltin, dibutyltin, and monobutyltin, should be developed. In addition, elemental (e.g., W) and mineralogical studies should be conducted to clarify the influence of Sn-W mineralizations in the sediments' composition. To obtain a deeper characterization of organic matter sources, it is suggested to determine, if possible, stable C and N isotopes as well as a set of biomarkers (e.g., coprostanol and other sterols) to serve as tracers of sewage contamination.
